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ABSTRACT: The optoelectronic, structural, and elastic properties of K,ScCuClg and K,YCuCl; double perovskite compounds
were thoroughly investigated in this study using density functional theory. It is observed that both compounds exhibit exceptional
structural and mechanical stability. The structural stability is assessed using Goldsmith’s tolerance factor (f;), with values
approaching unity indicating a reliable cubic perovskite structure. Phonon stability was ensured by the absence of negative energy
formations and only real frequencies in the phonon calculations. Applying the finite displacement method also provided further
evidence of the compounds’ thermodynamic stability. The electronic properties analysis revealed that K,ScCuCly and K,YCuCl, are
narrow band gap semiconductors, with band gap values of 1.8 and 2.5 eV, respectively. This was confirmed by analyzing the density
of states. Furthermore, the optical properties exhibited transparency at lower photon energies and significant absorption at higher
energies. These exciting findings suggest that K,ScCuClg and K,YCuClg have promising applications in high-frequency UV devices.

1. INTRODUCTION multiple challenges, including improving the conversion
efficiency of sunlight into electricity, reducing manufacturing
costs, enhancing durability and stability, and optimizing the
materials and design of the solar cell itself.'”"" The character-
istics of the materials used in solar cells play a crucial role in
determining their performance.'” One promising class of
materials for solar cell applications is double perovskites. Double
perovskites are compounds composed of two transition-metal
cations arranged in a perovskite crystal structure.">~"° These
materials exhibit unique electronic and optical properties that
can be tailored to enhance the efficiency and cost-effectiveness

In today’s world, the global energy crisis, coupled with the
persistent issues of global warming and the limited availability of
fossil fuels, necessitates a shift toward renewable energy sources
and advancements in energy conversion and storage technolo-
gies.' > While numerous options exist, not all of them are
economically feasible. Fortunately, a significant portion of the
world benefits from abundant sunlight throughout the year,
making solar energy an attractive and potentially cost-effective
solution to the energy crisis while providing clean and affordable
power.”> However, developing cost-effective and efficient solar
cells remains challenging and requires ongoing research and
innovation.”” The key to achieving such solar cells lies in Received:  February 27, 2024
understanding the properties and characteristics of the materials Revised:  March 6, 2024
used and the design approaches employed for their fabrication.® Accepted: March 15, 2024
However, the cost-effectiveness and efficiency of solar cells are Published: March 29, 2024
critical factors in determining their widespread adoption.” The

development of solar cell technology involves addressing
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Figure 1. Schematic 3D-crystalline structure of K,ScCuCly and K,YCuCly double perovskite compounds.

Table 1. Optimized Unit Cell Parameters and Atomic Positions

compounds ag (A) /by (A)/co (A) a/fly K (%9 2) Sc/Y (x,y, z) Cu (%3, 2) Cl (%, y, 2)
K,ScCuClg 10.25 90° (1/4,3/4,3/4) (0,0,0) (1/2,0,0) (0.24, 0, 0)
K,YCuClg 10.30 90° (1/4,3/4,3/4) (0,0,0) (1/2,0,0) (0.274,0,0)

of solar cells.'® By understanding solar cells’ materials and design
aspects, particularly those based on double perovskites, we aim
to contribute to advancing solar cell technology, bringing us
closer to achieving affordable and efficient solar energy
conversion.'”'® The conversion of solar energy into electrical
energy has seen significant advancements, with the emergence of
organic—inorganic perovskite materials. Among these, the Pb-
based compounds, e.g., CH;NH;PbX; (X = I, Br, and Cl), have
demonstrated remarkable efficiency, reaching up to 22.1%.
However, these materials present two main limitations:
instability under ambient conditions and toxicity due to Pb."’
To address these concerns, researchers have sought alternative
elements to replace Pb in perovskite structures.”””' Some
groups encountered the challenge of increased band gap values
when substituting Pb with alkaline earth metals, rendering the
resulting band gaps (>3.1 eV) unsuitable for visible light
absorption, and several other researchers explored substitutions
with Sn and Ge, but this exacerbated the instability issue.”*

To overcome the problems of toxicity and instability, the use
of halide double perovskites in the form of A,BB'Xy (where A
represents large cations like divalent alkaline earth elements, B
and B’ represent small cations mostly from transition-metal
elements, and X is anion) has emerged as a promising
alternative. In this context, ongoing research efforts are focused
on achieving optimal material growth design for solar cells and
other applications. Computer simulations are widely used to
guide researchers in modeling the best methods that meet the
desired goals. Therefore, we are motivated to investigate the
physical properties of the halide double perovskites K,BCuClg
(B = Sc, and Y) using computer simulations, explicitly focusing
on their suitability for solar cells. Our study aims to explore the
density of states (DOS), band structure, and optical properties,
i.e., reflectivity, refractivity, and optical conductivity, as well as
these materials’ structural and elastic properties.

2. COMPUTATIONAL METHODOLOGY

Density functional theory (DFT) is a versatile approach widely
utilized to investigate the characteristics of materials before their
practical implementation.”® This computational tool provides
information about various material properties, essential for
understanding their behavior and optimizing their performance
for practical manufacturing.”* In this study, we employ the
WIEN2K code” and the full potential linearized augmented
plane wave method to perform computations on K,BCuCl, (B =

Sc, and Y) compounds.”® To determine the optimized lattice
parameters and system energy, we incorporate Murnaghan’s
equations of state (EoS).”” The TB-mBJ potential, renowned for
its simplicity and accuracy, is employed to calculate the band
gaps.”® It has demonstrated comparable results to the computa-
tionally investigated HSEOg hybrid functional.”” Ensuring
convergence of charge and energy is crucial for the accuracy of
the calculated results; therefore, a larger K-mesh of 2000 is
employed. The —6.0 Ry in WIEN2K specifies the energy below,
treated as core states, where core electrons are assumed to not to
interact. The valence electrons of all constituent elements are
considered for our calculations. The atomic configuration of
constituent elements is; potassium (K) is 1s% 2s% 2p%, 3s? 3p°,
and 4s’, for scandium (Sc) is 1s?, 2s%, 2p%, 3s%, 3p®, 3d’, and 4%,
for yttrium (Y) is 1s% 2s? 2p®, 3s%, 3p%, 3d"?, 4s%, 4p, and 4d, for
copper (Cu) is 1s%, 2s%, 2p®, 3s% 3pS, 4s', and 3d'°, and that for
chlorine (Cl) is 1s% 2s?, 2p%, 3s% and 3p°. To enhance the clarity
of our research, we have systematically incorporated phonon
calculations by employing a well-established and effective finite
displacement method. This approach was implemented using
the phonopy code,*® and to ensure accurate and reliable results,
we employed a 4 X 6 X 3 supercell selection. The calculations
were performed using the Vienna ab initio Simulation Packages
as our computational tool.>* This meticulous combination of
methods and tools allowed us to thoroughly investigate the
vibrational properties of our system.

3. RESULTS AND DISCUSSION

3.1. Structural Properties. The cubic structures of the
double perovskites K,BCuCly (B = Sc and Y) can be visualized
as combinations of two simple perovskite structures belonging
to the Fm3m (225) space group. As shown in Figure 1, the
polyhedral shape of the K,BCuClg (B = Sc and Y) reveals the
formation of octahedra, with each atom being surrounded by six
Cl atoms; i.e., atoms of Sc/Y octahedra and Cu octahedra are
positioned within the structure, with Cl atoms surrounding
them.

The atoms K, Sc/Y, Cu, and Cl occupy specific Wyckoft
positions of (1/4, 3/4, 3/4), (0,0, 0), (1/2, 0, 0) and (0.24, 0,
0)/(0.274, 0, 0), respectively. The optimized parameters for the
unit cell and the positions of the atoms are briefly presented in
Table 1.

The optimization process is utilized to minimize the energy of
the unit cell for both compounds. To achieve this, Birch—
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Figure 2. Volume optimization graphs of (a) K,ScCuClg and (b) K,YCuClg.

Murnaghan’s EoS is employed. The results of the volume
optimization for the double perovskite compounds are depicted
in Figure 2. The figure illustrates parabolic curves that represent
the relationship between energy and volume. The minimum
points on these curves correspond to the ground state of the
compounds, indicating their most stable configuration.

Table 2 presents an overview of the structural parameters,
particularly By, B’, and 4, which play a crucial role in

Table 2. Calculated Optimized Structural Parameters of
K,ScCuCly and K,YCuCl,

compounds a, (A) B (GPa) B’ (GPa) E, (Ry)
K,ScCuClyg 10.25 32.98 2.05 —12786.26
K,YCuClg 10.30 34.68 0.39 —18029.28

understanding the structural characteristics of the double
perovskite compounds. The values of By and B’ are comparable
to those reported for other halogen perovskites.”” The values of
B’ are much smaller than 4, which means that compressibility
will increase little with pressure, and thus, the volume—pressure
relationship is quasi-linear.”””

3.2. Phonon Stability. To gain an understanding of the
dynamic context, including vibrational Raman spectroscopy of
crystalline solids and thermodynamic characteristics, it is
essential to take into account the phonon dispersion.”> To
accomplish this, a widely utilized and effective method is the
DFPT implemented in the pseudopotential scheme of Quantum

Espresso.”® By employing DFPT on the perovskite structures of
K,ScCuClg and K,YCuCl,, one can examine their dynamic
stability within their respective primitive unit cells. When
analyzing the molecular structures of crystals in terms of their
dynamic characteristics, a compound is considered dynamically
stable when it exhibits three acoustic branches at the I"-point in
reciprocal space, with frequencies of zero. These acoustic
branches consist of one longitudinal acoustic mode and two
transverse acoustic modes. Conversely, the remaining branches,
referred to as optical phonons, possess nonzero frequencies. In a
crystal with N atoms in its unit cell, there are typically 3N—3
optical modes. Therefore, in the context of this particular study,
which involves 10 constituent atoms, there exist a total of 30
frequency branches. Within these branches, three acoustic
branches converge at the I'-point, while the remaining 27
branches exhibit optical characteristics, as illustrated in Figure 3.
Notably, the lower branches predominantly stem from the
vigorous vibrations of the heavier elements, whereas the optical
branches primarily correspond to the lighter atoms. Based on
factor theory, the optical branches encompass various modes,
including Raman, infrared, and silent modes, depending on their
frequency range.

The absence of negative or imaginary frequencies observed in
the subsequent band dispersions confirms the dynamic stability
observed in the studied systems. This observation is similar to
the results reported by Ding et al,,*” implying that the perovskite

10 0
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2y
g 4 F == = L |
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Figure 3. Phonon band structures within the irreducible BZ of the primitive unit cell structures of K,ScCuCls and K,YCuCl,.
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structures of K,ScCuClg and K,YCuCly exhibit reliable and
stable vibrational characteristics.

3.3. Elastic Properties. The mechanical stability of a crystal
structure is a crucial aspect to consider when assessing the
behavior of a material under stress. Mechanical stability can be
determined by examining the elastic constants, which describe
the material’s response to applied forces. For materials with
cubic symmetry, e.g., the double perovskite compounds under
investigation, three specific elastic constants are essential: C,,
Ciy and C,4 These constants must satisfy the Born stability
criteria to ensure that the crystal structure is mechanically
stable.”**? Furthermore, the ductility or brittleness of a material
is an important characteristic that influences its potential
applications. Poisson’s ratio (v) measures a material’s tendency
to undergo lateral deformation when subjected to an axial strain.
A value greater than 0.26 is typically indicative of ductile
behavior. Similarly, the Pugh ratio, defined as the ratio of the
bulk modulus (B) to the shear modulus (G), can provide
insights into the material’s flexibility. A Pugh ratio B/G
exceeding 1.75 is generally associated with ductile materials.*

From the data presented in Table 2, it can be observed that the
studied double perovskite compounds exhibit a ductile nature.
This suggests that they possess favorable mechanical properties
for use in device fabrications. Furthermore, the values of B show
that the studied compounds are extremely compressible than
other perovskites.”' The studied compounds are among the
most compressible solids with a B comparable to iodates.*”
Additionally, anisotropy, which characterizes the directional
dependence of the material properties, is another crucial factor
to consider. Anisotropy can be quantified by the relationship A =
2C4/(Cyy — Cyy), where Cyy, Cyy, and C,, represent specific
elastic constants. The anisotropic behavior of the compounds
can be determined based on the calculated values presented in
Table 3. For instance, K,YCuCly exhibits a higher anisotropy
compared to K,ScCuCl,.

Table 3. Calculated Elastic Parameters A, B, G, E (All in
GPa), v, and B/G of K,ScCuCl, and K,YCuCl,
compounds A B G E 1% B/G

K,ScCuCly, 077 408 1686 4323 039 195
K,YCuClg 107 3303 1517 3973 043 228

The values of B derived from the volumetric strain versus
pressure (E—V) relationship are observed to be consistently
lower than those obtained through the analysis of the elastic
constants. This discernible discrepancy may be attributed to
using distinct measurement techniques in the two method-
ologies.

By investigating the elastic behavior of the double perovskite
compounds and considering factors, i.e.,, mechanical stability,
flexibility, and anisotropy, we can gain valuable insights into
their potential applications and suitability for specific engineer-
ing purposes.

3.4. Electronic Properties. This section explores the
calculation of band structures and DOS for double perovskite
compounds, specifically, K,ScCuClg and K,YCuCls. The
analysis of band structures offers valuable insights into the
conductivity characteristics of these materials, establishing a
connection between their crystal structures and optical/
electronic properties.

Figure 4 presents the band structures of K,ScCuCly and
K,YCuCl4 compounds, which are computed by using the TB-

mBJ potential. It is evident from the figure that both the
compounds demonstrate a semiconducting behavior, charac-
terized by band gaps of 1.8 and 2.5 eV, respectively.

As we progress from K,ScCuCly to K,YCuCl, by substituting
Sc for Y, the band gap value increases. This phenomenon can be
attributed to the larger atomic size of Y. Consequently, the
conduction band minimum moves farther from the Fermi level,
resulting in an enlarged band gap. We anticipate that the values
we have reported will inspire experimental researchers,
encouraging them to fabricate these materials for the production
of solar cells. DOS calculation provides a detailed analysis of
electronic properties, confirming and understanding the band
gap. It characterizes energy state distribution and reveals the
nature of the band gap, aiding in understanding electronic
behavior.”*** The Fermi energy (Eg) represents the boundary
between the valence and conduction bands, with the valence
band containing occupied low-energy levels and the conduction
band consisting of unoccupied levels above Eg.

In the plots (Figure 5), the valence band is mainly contributed
by Cu and halogen atoms (Cl), while Y/Sc and halogen atoms
primarily influence the conduction band. This suggests that the
occupied energy levels originate from Cu and halogen orbitals,
while unoccupied levels and electron conduction arise from Y/
Sc orbitals. A comparable trend in the DOS was identified in the
study conducted by Vu et al.*

3.5. Optical Properties. Optical properties of materials
involve their interaction with light and are vital in optics,
photonics, and optoelectronics. Fundamental properties include
the refractive index, optical conductivity, refraction, reflection,
extinction, absorption, loss, and dielectric function. Figure 6
shows the computed ¢,(@) and &,(w) for two materials within
the range of incident photon energy up to 14 eV. &(w)
represents energy dissipation and wave damping, while &,(®) is
associated with polarization and energy storage. The static
dielectric function, &,(0), indicates that K,ScCuCl, dissipates
more energy (2.8) compared to K,YCuClg (2.5). Both
compounds exhibit maximum values of &,(@): 3.6 at 12.9 eV
and 2.7 at 6.5 eV, respectively.

The refractive index measures how light travels through a
material and is influenced by the composition and structure. The
refractive index of a material can be calculated using the values of
€1(w) and &,(w) obtained from the dielectric function. Figure 7a
illustrates the refractive indexes for K,ScCuClg and K,YCuCl,,.
The static refractive index values, n(0), are 1.65 for K,ScCuClg
and 1.58 for K,YCuCl. The spectrum of n(w) shows that
K,ScCuCl reaches a peak value of 2.1 at around 5.6 eV, while
K,YCuCly exhibits a maximum peak value of 2.02 at
approximately 2.8 eV of photon energy. The static refractive
index, n(0), is valuable in applications related to light refraction,
particularly in photoelectric applications. When n(w) is greater
than 1, it indicates that photons slow as they enter a material and
interact with electrons, resulting in a more significant delay for
the photons passing through the substance. Increasing the
electronic density of a material also leads to a higher refractive
index n(w).

Figure 7b shows the computed reflectivity R(w) for the
double perovskite compounds K,ScCuClg and K,YCuCly.
K,ScCuCly has a reflectivity of 0.058 at zero frequency R(0),
while K,YCuClg has a value of 0.051. As the photon energy
increases, the reflectivity of both compounds also increases.
They reach maximum reflectivity values of 0.59 and 0.56 at
around 13.5 eV, respectively. Both compounds, K,ScCuClg and
K,YCuCl,, exhibit remarkably low reflectivity within the
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measured energy range. This low reflectivity is consistent with photons. The high transparency of these materials makes them
their band gap, making them highly transparent to incoming promising for applications in solar cells and lenses, where the
16864 https://doi.org/10.1021/acsomega.4c01923
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Figure 9. Calculated (a) o(w) and (b) k() of double perovskites K,ScCuCl, and K,YCuCl.

ability to transmit light efficiently is desirable. Figure 8a presents
the absorption curves obtained through the &(®) approach for
the selected compounds K,ScCuClg and K,YCuCly. These
compounds exhibit significant absorption within the 0 to 14 eV.
The threshold points of absorption occur at 0 eV, indicating the
starting point at which these substances begin to absorb
electromagnetic radiation. At a photon energy of 13.5 eV,
K,ScCuCls demonstrates a maximum absorption value of 246.3,
while K,YCuCl, exhibits a maximum absorption of 215.9. This
indicates the efficiency with which these compounds can absorb
light in a specified energy range.
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Figure 8b depicts the energy loss function, which describes the
energy loss of fast electrons in a material. The peaks in the Lo
spectra correspond to characteristic features related to the
plasma resonance. K,ScCuCl, exhibits a distinct resonant energy
loss at 3.26 eV, while K,YCuCly shows it at 1.8 eV. These
resonant peaks signify significant energy dissipation in the
materials. Analyzing the energy loss function provides valuable
insights into electron behavior and material interaction, offering
essential information for understanding phenomena and
applications in solid-state physics and materials science.

Figure 9a shows that K,ScCuCls has a maximum optical
conductivity value of approximately 5.75 Q' cm™, while
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K,YCuCl, exhibits a significant value of roughly 4.29 Q™' cm™.
This indicates that these compounds have excellent optical
conductivity, especially at higher energies. Their favorable
optical conductivity characteristics make them promising
candidates for applications in photonics, telecommunications,
and other emerging optoelectronic technologies. The extinction
coeflicient measures how much light is absorbed and scattered in
a material. A higher value indicates stronger absorption and
scattering, reducing transmission, and increasing attenuation.
K,ScCuClg has a maximum extinction coefficient of 1.79, while
K,YCuCl, has a leading extinction coefficient of 1.56.

4. CONCLUSIONS

In the scope of this study, a thorough exploration was conducted
into the optoelectronic, structural, optical, and elastic properties
of the double perovskite compounds K,ScCuClg and K,YCuCly,
utilizing DFT calculations. The findings unveil structural
stability, mechanical resilience, anisotropy, toughness, and
resistance to plastic deformation in both compounds. The
assurance of structural and phonon stability is underscored by
the absence of negative energy formations and the presence of
exclusively real frequencies in the phonon calculations. More-
over, the application of DFT substantiates all compounds’
thermodynamic stability. The assessment of structural stability is
further refined using Goldsmith’s stability index, where values
nearing unity signify a robust cubic perovskite structure. The
electronic properties are meticulously unraveled through the
precise TB-mB] approximation, revealing narrow band gaps of
1.8 and 2.5 eV for K,ScCuClg and K,YCuCly, respectively.
Optical analyses shed light on transparency at lower photon
energies and noteworthy absorption and transmission at higher
energy levels, providing a comprehensive understanding of the
compounds’ behavior in various aspects of their properties.
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